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INTRODUCTION 
Multi-layered composite structures are becoming widely used in industry. The 
quantitative evaluation of the quality of bonded interfaces is critical. With the 
introduction of composite materials as a substitute for metal, the potential for reducing 
the overall weight of structure is being realized. The composite structure must be 
designed layer by layer in order to meet the same functional specifications that were met 
by the previous metal design. The resulting laminate is a sophisticated product with a 
complex structure and anisotropic material properties. Because of its complexity and 
anisotropy it is very difficult to inspect. Conventional inspection methods cannot be used 
and new methods must be developed. 
This paper addresses the development of an Acousto-Ultrasonic Inspection 
system which utilizes oblique incidence low frequency waves. Conventional AE 
waveform collecting and processing which has been used to date shows promise for the 
development of an AU prototype instrument and unique inspection probe. A discussion 
will be given on the work performed to date as well as a description of the experimental 
setup used to collect and process data. 
STATEMENT OF PROBLEM 
The laminated material used in this study has a total thickness of 44 mm. It 
consists of a 4 mm multi-layered composite cover, a 0.5 mm ground plane, an 18 mm 
alumina ceramic layer, a 1.5 mm rubber layer, and a 22 mm multi-layered composite 
inner shell. Defects generally occur in the interface between the composite cover and the 
ground plane, and in the interface between the rubber layer and the composite inner shell. 
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Because of the nonconductive nature of the material and the sub-surface location 
and in-plane orientation of these typical defects, most conventional nondestructive testing 
(NDT) methods are completely inapplicable to this inspection problem. Among the major 
NDT methods, only ultrasonic testing (UT) would seem at first to be a viable candidate. 
But even UT has severe limitations when applied to these materials. 
In conventional normal-incidence ultrasonic testing, a beam of ultrasound is 
introduced into the material and defects are detected through the anomalous reflections 
that they send back to the scanning probe. There are several limitations to the 
applicability of this conventional, "pulse-echo" technique to detect the common defects in 
this plate, especially delaminations of the composite inner shell due to impact damage or 
weak bonding. 
First, defect detection in the composite inner shell is difficult because input 
signals must penetrate several layers before reaching the layer of interest. The 
multiplicity of echoes returning to the probe from all the layer boundaries makes it 
extremely difficult to recognize specific problems in the composite inner shell. 
Second, consideration of resolution and range show that conventional UT 
techniques are quite unpromising for this application. The defects of interest are 
characterized by a small dimension in the thickness direction when compared to that in 
the interface direction. Accurate detection of such defects is difficult, if not impossible, 
using high frequency ultrasonic waves pulsed in the direction normal to the surface (1). 
The optimum frequency for this method is dependent on the thickness of the 
delaminations and time-of-flight measurements, the traditional pulse echo method cannot 
be used alone to solve this problem. More advanced techniques need to be developed. 
DEVELOPMENT OF SYSTEM 
It has been reported that oblique incidence ultrasonic waves are very sensitive in 
detecting delaminations in multi-layered composites (1) - (3). In order to check if this 
technique is suitable for thick laminates, a generalized theoretical wave propagation 
model will be employed. In order to test this theory, a simple feasibility study was 
performed in two steps. The first step was experimental in nature and involved the 
determination of wave frequencies capable of readily penetrating a thick plate specimen. 
From this study, it was determined that frequencies below 300 kHz can easily penetrate 
the plate. 
The second step involved application of the theoretical model in order to assess 
the detectability of a simulated 0.1 mm thick delamination defect between the composite 
laminate. The theoretical model can be used to analyze the ultrasonic response from 
general multi-layered structures. This algorithm provides arbitrary control over the 
following parameters: 
1) Number oflayers in the structure. 
2) Degree of anisotropy of each layer (up to 21 independent elastic constants-
Triclinic) 
3) Orientation of each layer 
4) Lay-up of the structure 
5) Level of visco-elasticity 
6) Plane of incidence 
7) Angle of incidence 
8) Ultrasonic frequency 
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Figure I. Setup used for theoretical simulation. 
The algorithm also provides ultrasonic response in the following forms of output: 
I) Reflection/Transmission factor curves as a function of angle of incidence, 
azimuthal angle, and frequency of the ultrasonic wave. 
2) Displacement and stress distributions within the structure 
3) Energy (Power Flow) magnitudes and direction within the structure. 
4) Radio Frequency (RF) signal response to simulate realistic ultrasonic 
transducers (both narrow and broad banded). 
5) Plate wave mode dispersion curves. 
From the preliminary study, we found that even at frequencies in the range of 100 
kHz, there are significant differences in reflection factors between a good plate and a 
plate with a 0.1 mm thick delaminated interface. 
The experimental setup on which our model is based on is shown in Figure I. The 
range of incidence angles attempted and the resulting reflection factors are given in 
Figure 2. These results also indicate that it is very difficult to distinguish a good plate 
from a delaminated plate at most incidence angles except for a narrow range of critical 
angles in which the differences of the reflection factors are very significant. 
The oblique incidence ultrasonic wave technique is based on the wave mode 
conversion phenomena (3). Since a delamination layer has different material properties 
from the normal bonding layer, the amount of energy in the longitudinal wave and shear 
wave reflected from these two layers are also different. At some angles (especially close 
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Figure 2. Reflection factors for different incidence angles, where solid line - good plate; 
dash line - case I; dash dot line - case 2(see text). 
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Figure 3. System components. 
to the first critical angle) this difference is significant. Figure 2 shows results of 
Reflection Factors vs. Incidence Angle. To approximate the actual material properties of 
the plate in the calculation, graphite-epoxy (a visco-elastic material) was used. The 
locations of the delaminations are 1.25 mm from the bottom of the plate (case 1) and 3.75 
mm from the bottom (case 2). From Figure 2 we can see that the incident angle, which is 
sensitive to delamination, is different for these two cases. This indicates that not only can 
the oblique incidence technique detect the delamination, but it is also possible to use this 
technique to identify the depth of the delamination. 
Based on the above investigation, we propose an inspection system which uses a 
multi-transducer probe, a multi-channel pulserireceiver system, and a PC (Figure 3). The 
theoretical simulation shows that the reflected signal is more sensitive to the delamination 
when the incidence angle is between 0° and 20°. Thus we propose to arrange one group of 
transducers (transmitting group) from 0° to _20° and another group of transducers 
(receiving group) from 0° to 20°. The objective of this sensor arrangement is to 
simultaneously measure the reflection pattern from a range of different incidence angles 
in order to allow correlation with the theoretical model and the detection of defects. 
The probe used in this study is shown in Figure 4. It can be incorporated into a 
one-piece, hand held probe or wheel for fast scanning of the inspection site. Although this 
probe only has two sensors, it gives us the flexibility of changing incidence angles 
during the test. 
RESUL TS AND DISCUSSION 
Two specimens were used in this study. One specimen contained 4 predrilled flat 
Figure 4. Multi-sensor probe. 
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Figure 5. Specimen with predrilled flat bottom holes. 
Figure 6. Specimen with delaminations generated by low velocity impact. 
bottom holes (Figure 5) at various locations. The second specimen contained no known 
defects. We shipped the latter specimen to Purdue University, school of Aeronautical and 
Astronautical Engineering, Composite Material Laboratory, where the specimen was 
subjected to low velocity impact. This impact generated a small amount of delaminations 
in middle of the inner shell (Figure 6). 
Subsequent testing was performed on both specimens. An incidence angle of 20° 
was used for both the transmitting and receiving sensors in the probe. Measurements 
were always taken on the front face of each specimen and water based ultrasonic 
coupling was used. Typical results from our studies are shown in Figures 7-10. The 
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Figure 7. Received signal from specimen I (with flat bottom holes in inner shell) over 
good section. 
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Figure 8. Received signal from specimen lover a section with hole on inner shell. 
Figure 9. Received signal from specimen 2 (with delaminations) over good section. 
Figure 10. Received signal from specimen 2 over the section with delaminations. 
results demonstrated that the type of defects that we were interested in detecting could be 
distinguished via the change in the received signals. We have shown the potential for 
inspecting from only one surface (the front face) and we have confirmed our prediction 
that the incidence angle is somewhere between 0° and 20°. 
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CONCLUSION 
The proposed technique utilizes oblique incidence ultrasonic waves to detect 
delaminations in multi-layered composite plate. The oblique incidence ultrasonic wave 
technique is based on the wave mode conversion phenomena. Since a delamination layer 
has different material properties from the normal bonding layer, and usually has much 
lower shear strength compared to the normal bonding material, the amounts of energy in 
the longitudinal wave and the shear wave reflected from these two layers are also 
different. At some angles (especially close to the first critical angle) this difference is 
significant as shown in Figure 2. 
The multi-transducer probe and multi-channel pulser/receiver system are used to: 
(a) send signals into the plate: and (b) receive signals from the plate. Since the signal 
received from the plate contains large amounts of information about the plate, it is 
preferable to perform digital signal processing (DSP) to extract the desired information. 
The data acquisition board used in this study is PAC-AEDSP-32/16 card with 
sophisticated waveform collection and real-time signal processing capability, which will 
enable the system to collect waveforms and extract features in real time. 
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